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ABSTRACT 
Previous investigations (Duncan and others, 1970; Stokke and 
Carson, 1974) of Cascadia Basin clay mineralogy indicate a general 
trend in which montmorillonoids (17A) are enriched relative to illite 
(10A) and kaolinite/chlorite (7A) in Holocene lutites, while illite 
and kaolinite/chlorite dominant in Late Pleistocene deposits.  The 
crystallinity of all clay mineral groups declines from Pleistocene 
to Holocene.  There exist numerous local exceptions to these general 
patterns which are not readily explained by either of the previous 
works.  This study indicates that observed variations in clay miner- 
alogy and crystallinity are a function of selective transport and 
deposition of hemipelagical sediments. 
Fifteen samples from five cores in Northern Cascadia Basin and 
Juan De Fuca Abyssal Plain were sized and fractionated into 6 site 
classes [7.8-3.9pm (7-8<|>) , 3.9-2.0ym (8-9<{>) , 2.0-0.98pm (9-10$), 
0.98-0.49ym (10-11<J>) , <0.49um (>ll<j>) and <2ym (>9<J>)].  Semi-quanti- 
tative determinations of clay mineralogy and crystallinity were made 
on each of the 90 sub-samples. The results indicate a definite size 
dependency to clay mineralogy and crystallinity which is consistant 
areally and temporally.  Discriminant function analysis on all data 
indicates that clay mineralogy and crystallinity of individual size 
fractions are statistically distinct.  The analysis further indicates 
that clay mineralogy and crystallinity of the stratigraphic units 
(Late Holocene, Early Holocene and Late Pleistocene) are not 
statistically discernible.  Size analyses indicate textural varia- 
tions within and between Holocene and Pleistocene sections.  These 
textural variations roughly parallel clay mineral changes, such that 
clay mineralogy can be predicted on the basis of clay mineral size 
dependency and grain size distribution.  It is inferred that the 
textural variations result from the processes of selective trans- 
port and deposition.  Since clay mineralogy is size dependent, it 
is suggested that variations in clay mineralogy and crystallinity 
in Cascadia Basin are a function of selective transport and deposi- 
tion . 
The results of this study indicate that future investigations 
of clay mineral provenance, dispersal, or correlation in any area, 
must be based upon data which compensates (or has been corrected) 
for the effects of clay mineral size dependency. 
Key words:    clay mineralogy,  size dependency,   selective transport, 
hemipelagic sediments. 
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INTRODUCTION 
This study is concerned with vertical and lateral variations in 
clay mineralogy of Late Pleistocene and Holocene lutites in Northern 
Cascadia Basin and Juan De Fuca Abyssal Plain, Northeast Pacific 
Ocean.  In particular, this work attempts to define the factor(s) 
controlling the clay mineral composition and distribution in these 
terrigenous, deep-ocean sediments. 
Northern Cascadia Basin and Juan De Fuca Abyssal Plain are 
located within the Northeastern Pacific Ocean off the coasts of 
Washington and Vancouver Island (Figure 1).  Northern Cascadia Basin 
is situated between the continental slope (on the east) and Juan De 
Fuca Ridge (on the west).  Juan De Fuca Abyssal Plain lies west of 
(northern) Juan De Fuca Ridge. This study deals only with that por- 
tion of the Basin north of 46 N latitude. 
Cascadia Basin - Juan De Fuca Abyssal Plain sediments deposited 
during the last 35,000 years consist of interbedded turbidite and 
hemipelagic deposits (Carson, 1971). The sedimentation pattern 
during this period was greatly affected by eustatic changes in sea 
level, and perhaps, by the extent of continental and alpine glacia- 
tion. The Pleistocene sediments reflect a dominance of turbidity 
current deposition. With the rise in sea level that marked the 
Holocene Transgression, however, turbidity current deposition waned 
and hemipelagic deposition became predominant during Late Holocene 
(Carson, 1971; Duncan, 1968). 
JUA4 
ABY Jgj 
Figure 1.  Location and bathymetry of study area; Northeast 
Pacific Ocean.  After Carson (1971). 
The Pleistocene-Holocene boundary in the sediments of Cascadia 
Basin is marked by a transition in the biostratigraphy from an 
older planktonic  foraminiferan-rich interval   (Late Pleistocene)   to 
a younger radiolarian-rich interval   (Holocene).     Radiocarbon age 
determinations have placed this transition at about 12,500 years 
B.P.   (Russell,   1967;   Duncan,  1968)   or between 9,000 and 13,000 years 
B.P.   (Carson,   1971).     In this latter study,   sediments older than 
13,000 years are considered Late Pleistocene deposits,  sediments 
13,000-9,000 years  in age are classified as Early Holocene,  and those 
deposits less than 9,000 years old are taken as Late Holocene.    This 
stratigraphic division is used in this study. * 
Previous  investigations  (Russell,   1967;  Duncan,   1968;   Duncan 
and others,   1970;   Stokke and Carson,   1974;  and Stokke,   1976)   in 
Cascadia Basin have reported significant vertical changes in the 
relative proportion of montmorillonite,   illite and kaolinite/chlorite 
(undifferentiated)   in lutites across the Late Pleistocene-Holocene 
boundary.     Stokke and Carson  (1974),  in Northern Cascadia Basin,  note 
a decrease in relative abundance in montmorillonite  (from 45 percent 
to 35 percent,  mean values)   from Late Holocene to Late Pleistocene 
deposits.    Concomitantly,  illite  (32 percent to  36 percent,  mean 
values)   and chlorite  (23 percent to  29 percent,  mean values)   increase 
slightly.     In Southern Cascadia Basin,   Duncan and others  (1970) 
report a similar relationship between stratigraphic position and 
clay mineral composition.     In addition,  they note a decrease in the 
relative percentage of montmorillonite   (while the percentages of 
chlorite and illite increase) with increasing distance from the 
apparent source, the Columbia River. 
Duncan and others (1970) and Stokke and Carson (1974) report 
that in Southern and Northern Cascadia Basin, respectively, Xwray 
peaks of montmorillonite, illite and kaolinite/chlorite are higher 
and sharper in Late Pleistocene lutites than in similar Holocene 
deposits.  Stokke and Carson (1974) indicate that the peak charac- 
teristics usually change abruptly at the Pleistocene-Holocene 
boundary, and do not show a gradual change with depth. 
Based on the observed vertical and lateral changes in clay 
mineral composition and crystallinity (of the <2pm fraction), Duncan 
and others (1970) conclude that the trends in clay mineral composi- 
tion result from glacially controlled changes in provenance (con- 
tributions from the different sub-basins of the Columbia River to 
Southern Cascadia Basin).  In Northern Cascadia Basin, Stokke and 
Carson (1974) suggest that the observed vertical trends are strati- 
graphically controlled, and reflect changing weathering regimes from 
Late Pleistocene to Holocene.  There exist, however, a number of ex- 
ceptions (primarily local deviations in composition within the 
Holocene and Late Pleistocene sections) to the regular, strati- 
graphic variation in clay mineral composition which cannot be 
attributed to either changes in source area or weathering conditions 
(Stokke and Carson, 1974). 
It is known that clay minerals, specifically montmorillonite, 
illite and kaolinite/chlorite, have characteristically different 
size distributions (Grim, 1968; Gibbs, 1977). Gibbs (1977), in a 
study of clay minerals on the Brazilian continental shelf, shows 
that the dominant mechanism responsible for the lateral change in 
clay mineral composition is physical sorting of sediment by size. 
It seems plausible, therefore, that the exceptions to the general 
stratigraphic pattern of clay mineral composition, and perhaps the 
general pattern itself, in Northern Cascadia Basin may be attri- 
buted to selective sediment transport by size segregation. 
Statement of the Problem 
It is the intent of this investigation to determine if the 
vertical variations in clay mineral composition and crystallinity 
observed in Northern Cascadia Basin and on Juan De Fuca Abyssal Plain 
are a function of lutite particle size, and reflect selective lutite' 
transport and deposition.  Furthermore, this study attempts to re- 
late the changing pattern of lutite deposition, from Late Pleistocene 
to Late Holocene, to the deglaciation history of the adjacent land- 
mass and eustatic rise in sea level. 
Previous Work 
Several studies have considered Northern Cascadia Basin.  The 
bathymetry of Northern Cascadia Basin and Juan De Fuca Abyssal Plain 
was delineated by McManus (1964) and refined by Carson (1971). Late 
Quaternary sediments of Northern Cascadia Basin are described in 
studies by Menard (1953), McManus (1965), Carson (1971) and Stokke 
(1976). Similar vertical trends are noted by Russell (1967), Duncan 
(1968) and Duncan and others (1970) in the southern half of the 
Basin. 
The areal distribution of Late Pleistocene and Holocene clay 
minerals in Southern and Northern Cascadia Basin (based on the 
\ 
unpartitioned <2ym size fraction) is described by Duncan and others 
(1970) and Stokke and Carson (1974), respectively.  In a related 
study, Knebel and others (1968) investigated the clay mineralogy 
of the Columbia River, the major sediment source for at least the 
southern portion of the Basin. 
The glaciation history of the Pacific Northwest is delineated 
by several studies.  Easterbrook (1976) presents a broad view of 
the last glacial period for the entire Pacific Northwest.  In a 
similar overview, Flint (1957) briefly discusses the glacial history 
of the Pacific Northwest.  The glacial history of the Columbia 
Plateau is related to the Cordilleran ice sheet by Richmond and 
others (1965).  In more specific works, Crandell (1965) presents 
the glacial history of western Washington and Armstrong and 
others (1965) discuss the glacial history and stratigraphy of 
southwestern British Columbia and northern Washington. Anderson 
(1968) describes the deglaciation and marine inundation of the 
Strait of Juan De Fuca. 
Eustatic sea level curves for the Late Pleistocene through 
the Holocene are presented in studies by Curray (1960) and Fair- 
bridge (1961).  Sea level fluctuations have been related to 
6 
glacial events in Washington by Easterbrook (1963). 
Sample Selection and Locations 
The data base for this study consists of a total of ninety 
sub-samples taken from five gravity cores. Three of these cores 
were collected in Northern Cascadia Basin (29-03; 39-05; and 39-27), 
one on Juan De Fuca Ridge (39-22) and one on Juan De Fuca Abyssal 
Plain (39-16) (Fig. 2).  The cores were taken in 1968 and 1969 
aboard the University of Washington research vessel Thomas G. 
Thompson and have been subsequently kept in cold storage. 
Five cores were chosen to provide widely distributed repre- 
sentative samples of Northern Cascadia Basin and Juan De Fuca 
Abyssal Plain sediments (Appendix 1). Only five cores were 
selected because of the large number of sub-samples created by 
size fractionation. 
From each of the cores thijee samples were taken, one from 
the Late Pleistocene section (>13,000 years B.P.), one from the 
Early Holocene section (9,000-13,000 years B.P.), and one from 
the Late Holocene section (<9,000 years B.P.). Samples within 
these intervals were selected from hemJ-pelagic units only. Posi- 
tions of biostratigraphic intervals and hemi-pelagic deposits were 
taken from Carson (1971). Sample depths are presented in Appendix 
2. 
Figure 2. Location of Piston Cores upon which this study is 
based.  First number designates the cruise, the 
second number designates the core. 
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METHODS 
Sample Processing 
Each of the 15 samples (^2 cm ) were homogenized and split in 
half. One half was used for size analysis, the other for clay 
mineralogy and crystallinity determinations. Where necessary 
(when much or all of the sample was consumed in size analysis), 
samples for clay mineral analysis were taken from an adjacent 2 cm 
interval (Appendix 2). 
Size Analysis 
That portion of each of the 2 cm samples designated for size 
determination was analyzed by standard procedures (Ingram, 1971; 
Galehouse, 1971) .  Each sample was slaked by shaking the sediment 
in distilled water for approximately 30 minutes.  The sample was 
then centrifuged and the liquid decanted. The fine fraction was 
dispersed with sodium hexametaphosphate and mechanically disaggre- 
gated by mixing in a malt blender for 10 minutes.  Following dis- 
aggregation, the samples were immediately wet sieved through a 
62.5 pm (4$) screen into a 1000 ml sedimentation cylinder. The 
coarse fraction, which remained on the sieve, was dried and 
weighed.  Due to its very small quantity and lack of significance 
to this study, the coarse fraction was then dry sieved only through 
the 62.5 ym (4$) sieve to obtain 100 percent of the silt and clay 
fraction.  The material which passed through the 62.5 um (44) sieve 
11 
was added to the sedimentation cylinder. 
Standard pipette  techniques were used to determine  the size 
distribution of the silts and clays   (Krumbine and Pettijohn,   1938; 
Galehouse,   1971).     The sedimentation cylinders were filled to the 
1000 ml mark with distilled water and then placed in a constant 
temperature bath   (25 C)  overnight.     Pipetting was preceded by 
vigorous  agitation.     Subsequently,   20 ml aliquots were  taken at 
calculated depths  and times according to Waddell's  Law  for  the 
62.5 urn  (4<J>),   31  ym   (5$),,   15.6 ym  (6$) ,   7.8 ym   (7<J>) ,   3.9  urn   (8*), 
2  ym  (9$) ,   0.98  ym  (10<j>) ,   0.49  ym  (11<|))   and <0.49  ym  (>114>)   size 
fractions.     The aliquots were dried,  weighed and converted to 
weight percent of the total sample. 
Clay Mineral Analysis 
Most naturally occurring sediments are coated with organic 
matter and iron oxides   (Jackson,   1956).     These contaminants,  along 
with calcium carbonate often degrade  the X-ray diffraction patterns 
of the clay mineral groups.     Therefore,   these materials were 
removed   (from the total  sample)   prior to  X-ray analysis by a 
series of pretreatments. 
Pretreatments 
Organic matter was  removed from the samples by oxidation  in a 
4-6 percent  sodium hypochlorite   (NaOCl)   solution buffered to a Ph 
of 9.5 with hydrochloric acid   (HCl)   (Anderson,   i960).     After a 
12 
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thorough shaking, the samples were placed in a hot water bath (80 - 
90°C).  Forty milliliters of buffered sodium hypochlorite solution 
was added to the samples.  The treatment continued for 45 minutes 
and was repeated a second time (although there was essentially no 
reaction during the second treatment)•  Following each treatment, 
the samples were centrifuged and the supernatant liquid decanted. 
Calcium carbonate was removed with a IN sodium acetate (NaOAc) 
solution buffered to a Ph of 5 with acetic acid (C-HLO.) (Mehra and 2 4 2 
Jackson, 1960) . Approximately 250 ml of the solution was added to 
the samples and heated, on a hot plate, to near boiling for one 
hour with occasional stirring.  This was followed by centrifuging 
and decantation of the supernatant liquid.  The treatment con- 
tinued with two washings with the buffered sodium acetate solution 
(without heating). Washing was followed by centrifugation and 
decantation. 
Iron coatings were removed from the sediment particles with a 
0.3M sodium citrate (Na.C.H-O- • 2H„0) solution, a 1M sodium bi- 3   6   5/ 2 
carbonate   (NaHCO,)   solution and solid sodium dithionite   (Na„S„0,.) 3 2  2  4 
(Mehra and Jackson,  1960).    The samples were placed in a hot water 
bath at 75 -80 C.     A mixture of 40 ml of  sodium citrate and 5 ml 
of sodium bicarbonate was added to the samples.    One gram of solid 
sodium dithionite was added,   to each of the heated samples,   stirring 
constantly for one minute  then occasionally for an additional  5 
minutes.    A second and third gram of sodium dithionite was added to 
the samples with identical  stirring procedures accompanying the 
13 
addition of each gram.  Upon completion of the last sodium 
dithionite treatment, the samples were centrifuged and the super- 
natant liquid decanted. 
} 
The organic-,  carbonate-,  and  iron-free samples were washed 
twice in distilled water.     The pretreatments  tend to cause  flocu- 
lation,  therefore  20 ml of sodium hexametaphosphate was added to 
the samples to thoroughly disperse the sediment particles prior 
to size  fractionation. 
Sample Fractionation 
The 15 treated samples were fractionated into sub-samples of 
seven different size  fractions [>15.6ym  (<6$) ,  15.6-7.8ym  (6-7$), 
7.8-3.9pm  (7-8$),   3.9-2.0ym  (8-9$),   2.0-0.98ym  (9-10$),   0.98-0.49ym 
(10-11$),  <0.49ym  (>11$)].     In addition,  prior to fractionation, 
a portion of each sample was extracted to prepare a  (standard) 
<2.0ym  (>9$)   fraction. 
The fractions were isolated by two methods:     repeated centri- 
fugation and decantation  [3.9ym  (8$)   and finer sizes] and repeated 
settling and decanting [sizes  coarser than 3.9ym  (<8$)].     Centri- 
fugation was repeated six to nine times,  to assure acceptable 
isolation of each size  fraction.     Centrifuging times used for size 
fractionation were calculated according to Waddell's modification 
of Stokes'   Law   (Jackson,   1956).     Gravitational settling  (based 
on Waddell's Law)  was repeated four times  for each size  fraction 
to obtain an adequate separation. 
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Slide Preparation 
Oriented,  glass-mounted slides of the >15.6um (<6$) ,  15.6-7.Sum 
(6-7<fr),   7.8-3.9pm  (7-8<j>) ,   3.9-2.Opm  (8-9$) ,   2.0-0.98pm  (9-10$) ,  0.98- 
0.49pm (10-11$),   <0.49pm  (>11$)  and <2pm  (>9$)   size fractions were 
prepared by the filter-membrane peel technique of Drever  (1973). 
TWo slides of each sub-sample were made.    All  slides were glycolated 
prior to X-ray analysis according to the methods of Brunton  (1955). 
Due to the coarseness of the material in the size fractions 
larger than 7.8pm (7$)   difficulty was encountered in peeling the 
sample off the filter in preparing oriented slides by the method 
described above.    Consequently, a number of slides prepared in the 
15.6-7.8pm (6-7$)  and >15.6um (<6<}>)   size fractions required an 
unusually thick accumulation of sediment particles.     A very thick 
layer of silt and clay particles on a glass slide may result in a 
less than ideally oriented slide.    The results of this alteration 
in mounting techniques will be discussed further in the results and 
discussion section of this thesis. 
X-ray Diffraction I 
The glycolated slides were X-rayed from 2 to 14 and 24 to 
26 26 on a Noreloo wide angle X-ray diffractometer using nickel- 
filtered copper K<x radiation at 40 KV and 20 MA, and a scintilla- 
tion counter for detection. Scanning speed was h 26 per minute, 
for 2 to 14 26, with a chart speed of h inch per minute to pro- 
vide a 1    28 per inch strip chart printout.     Scanning speed was 
15 
decreased, to resolve the kaolinite-chlorite doublet, in the range 
24° to 26° 26 to ^° 29 per minute with a chart speed of h inch per 
minute providing h 26 per inch printout. Sealer adjustments were 
made as needed to maximize peak areas for each record. 
Semi-Quantitative Determinations of Clay Mineralogy and 
Crystallinity 
Clay mineral groups were identified from the diffractograms for 
each of the seven size fractions and the bulk <2um (>9$) clay frac- 
o      o 
tion.  The montmorillonite group was identified by the 17A (5.2  20) 
peak on slides treated with ethylene glycol.  The illite group was 
identified by the (001) peak at 10A (8.9° 20).  Kaolinite and 
chlorite were identified by a peak at 7& (12.5 26).  Kaolinite and 
chlorite were differentiated by second order diffractions at 24.9 
20 (kaolinite) and 25.2° 26 (chlorite) (Biscaye, 1965). 
The relative abundances of montmorillonite, illite and 
kaolinite/chlorite groups were calculated by multiplying their 
respective peak areas by scale factors (Biscaye, 1965).  Peak areas 
were measured with a polar planimeter.  Two measurements were made 
on each peak, with the mean taken as the calculated peak area. 
Scale factors used by Biscaye (1965) and applied in this study are: 
four times the 10A illite peak area, two times the 7A kaolinite/ 
chlorite peak area and one times the 17& montmorillonite peak area. 
The resulting weighed areas were used to express the abundance of 
each clay mineral as a relative percentage of the total clay mineral 
i 
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composition.     The ratio of the 24.9° 26 peak area  (kaolinite)   to the 
25.2°  26 peak area  (chlorite)   was multiplied by the percentage of 
kaolinite/chlorite to determine their respective percentages. 
Crystallinities of the montmorillonite,   illite and kaolinite/ 
chlorite groups for all  sub-samples  X-rayed were determined accord- 
ing to the method of Biscaye   (1965).     The ratio of peak height over 
peak width at half the peak height was calculated for illite and 
kaolinite/chlorite and used as an index of crystallinity.    The ratio 
of the valley on the low angle side of the peak over the peak height 
was calculated and used as an index of crystallinity for montmorillo- 
nite.     Due to the different methods employed in calculating the 
respective crystallinities,  a higher crystallinity index for mont- 
morillonite refers to better   (higher quality)   crystallinity, while 
a high numerical  crystallinity  index for illite and kaolinite/ 
chlorite refers  to poorer crystallinity,. 
Statistical  Treatments 
Three multivariate statistical methods were applied to the 
clay mineralogy-crystallinity data to assist in determining the 
factor(s)   controlling the observed variations  in clay mineral para- 
meters.     An R-mode factor analysis   (Parks, 1970)  was  initially 
applied to the data matrix to identify those combinations of 
variables   (factors)   which contribute significantly bo the total 
variability.     Factors were generated until  the cumulative per- 
centage of variation accounted for exceeded 80 percent.     The 
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analysis assigned factor loadings   (coefficients of the linear com- 
bination of variables)'to the individual variables for each factor. 
The magnitude of these  coefficients reflects the "weight" of a 
particular variable with respect to each factor and,  hence,  defines 
those combinations of variables which account for the majority  (>80 
percent)  of variability in the clay mineral data. 
R-mode  factor analysis  further generated normalized factor 
measures, which are essentially  "new"  variables that are linear 
combinations of the original variables.    The factor measures  replace 
the original data matrix and provide a basis for sample comparison 
and correlation.     In addition,  the R-mode program used in this study 
(Parks,  1970)   produces an output data deck of the factor measures  for 
input to Q-mode cluster analysis.     Due to the fact that abundance 
data   (clay mineral weight percentages)   and size  fraction percen- 
tages constitute closed number systems,   it should be noted that the 
factor analysis results are subject to the restraints imposed by 
closure   (Chayes,   1970).     For a more detailed explanation of the 
use and interpretation-of R-mode  factor analysis the reader is 
referred to Klovan  (1975). 
Normalized factor measures generated by R-mode factor analysis 
were analyzed by Q-mode cluster analysis  (Parks,  1970).    By use of 
a distance function,  Q-mode cluster analysis arranges the samples   ' 
in groups and subgroups according to their statistical  similarity. 
For a more detailed explanation of the Q-mode cluster analysis pro- 
gram the reader is referred to Parks   (1970). 
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If vertical variations in clay mineral composition and crystal- 
linity are source-, climate-, or size-controlled, distinct popula- 
tions (groups) should be defined by cluster analysis.  Source- arid 
climate-controlled variations would produce populations defined by 
stratigraphy (if, as Duncan and others (1970) suggest, source areas 
were glacially controlled).  Size-controlled variations, on the 
other hand, would produce populations defined by size, regardless 
of stratigraphic position.  The populations defined by Q-wode 
cluster analysis were examined to determine if they were charac-    ' 
terized primarily by stratigraphic units or by size. 
Finally, the original data were arranged into the groupings 
suggested by cluster analysis and examined by discriminant function 
analysis (Ucla, 1967).  Discriminant function analysis, which does 
not use the correlation matrix, is largely unaffected by closure. 
The analysis tests if two, previously defined groups are signifi- 
cantly different.  The-analysis compares two groups on the basis of 
a computed discriminant function which is calculated from the bi- 
variate means and pooled variances of the two groups.  The signifi- 
cance of the difference between the two groups is given by Snedecor's 
F-statistic.  A measure of the separation distance, between the two 
2 
group means, is given by Mahalanobis' D statistic.  For a more 
detailed explanation of discriminant function the reader is referred 
to Davis (1973). 
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AFFECT OF PRETREATMENTS ON RESULTS 
The relative abundance of Cascadia Basin clay minerals presented 
by Duncan and others (1970) and Stokke and Carson (1974) for the <2um 
(>9<|>) fraction are in considerable disagreement with the data presented 
in this study (Appendix 4). Mean montmorillonite percentages reported 
by Stokke and Carson are higher in both Late Holocene (45 percent) and 
Late Pleistocene (35 percent) samples, than mean values of similar 
samples of this study (Late Holocene = 28 percent, Late Pleistocene - 
30 percent). Concomitantly, mean illite and kaolinite/chlorite values 
reported by Stokke and Carson are lower [illite = 32 percent (Late 
Holocene) and 36 percent (Late Pleistocene); kaolinite/chlorite ■ 
23 percent (Late Holocene) and 29 percent (Late Pleistocene)] than 
those observed in this study [illite = 40 percent (Late Holocene) and 
38 percent (Late Pleistocene), kaolinite/chlorite = 33 percent (Late 
Holocene) and 33 percent (Late Pleistocene)]. 
These differences are apparently due to the use of different 
methods of sample preparation. Both Duncan and others (1970) and 
Stokke and Carson (1974) employed hydrogen peroxide to remove organic 
material while sodium hypochlorite was used in this study.  In addi- 
tion, neither of these previous investigations removed iron-coatings 
from the sediment particles. 
A brief check on the effects of these treatments was performed 
on two samples (Table 1). Following slaking and dispersing, the 
samples were each split into four sub-samples. One sub-sample was 
20 
treated with hydrogen peroxide (to remove organic matter), another was 
treated with sodium hypochlorite (again to remove organics), iron- 
coatings were removed from a third sub-sample (by the dithionite- 
citrate-bicarbonate treatment), and the last sub-sample was left 
untreated. Following treatment, the <2um (>9$) fraction was separated 
from each sub-sample. Each was then analyzed by X-ray diffraction and 
clay mineral abundances were determined as described in the methods 
section. 
Resulting clay mineral abundances are tabulated in Table 1. The 
data indicate that all of the treatments cause significant alterations 
in the relative abundances of each clay mineral species relative to 
untreated samples. The two treatments for organic removal similar . 
results with montmorillonite decreasing to approximately 70-80% of 
the untreated value, while illite and kaolinite/chlorite similarly 
increase. The iron removal treatment shows the largest effect: 
montmorillonite abundance decreases to approximately 40-50 percent 
of untreated values, while illite increases slightly (12-13 percent) 
relative to the untreated value as does kaolinite/chlorite (1 4 per- 
cent) . 
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RESULTS AND DISCUSSION 
Introduction 
Variations in clay mineralogy and crystallinity in Late Pleis- 
tocene to Late Holocene Cascadia Basin sediments were observed by 
both Duncan and others (1970) and Stokke and Carson (1974).  Stokke 
and Carson (1974) noted numerous local exceptions to the general 
trend of montmorillonite enrichment in Holocene deposits relative 
to Late Pleistocene sediments.  These exceptions are not readily 
explained by either of the controlling mechanisms invoked to date: 
temporal changes in source area, as suggested by Duncan and others,, 
(1970); changing weathering regimes, the explanation favored by 
Stokke and Carson (1974). 
This study examines an alternative mechanism:  selective trans- 
port and deposition of sediment by size and (since the mineralogy 
is size dependent) mineral composition. To do this, the size-clay 
mineral composition and size-crystallinity relationship is examined^ 
for Late Pleistocene, Early Holocene and Late Holocene deposits. 
The results of this comparison are presented in three parts: 
textural variations, size dependency of clay mineralogy and 
crystallinity, and selective transport. 
Textural Variations 
———————y^——— 
A tabulation of fine fraction [15.6 - <0.49um (6 - >11$)] size 
analysis results on each of the 15 samples (from 5 cores) is pre- 
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sented in Appendix 3. Figures 3 through 7 depict the size distri- 
butions observed for each stratigraphic unit (Late Holoceno, Early 
Holocene and Late Pleistocene) within each core. 
The data indicate that size distributions of twelve of the 
fifteen samples are dominantly unimodal.  Samples 39-05-20, 
39-16-0 and 39-27-40 exhibit distinct bimodal distributions.  The 
abrupt increase in all samples, of the <0.49pm (>11$) size class, 
is due to the fact that the >11$ "size class" consists, in fact, 
of several sizes (i.e.  12$, 13<f>, 14<J>, etc.) .  This "class" may, or 
may not, include additional modes. 
A detailed study of the size distributions (Figures 3-7) re- 
veals a definite shift in modal size from Late Pleistocene to Late 
Holocene sediments.  The Late Pleistocene mode incorporates silts 
[size classes 31pm (5$) through 3.9ym (8$)].  The Late Holocene 
mode shifts toward the silt-clay transition, and is found in the 
7.8pm (7$) through 0.98ym (10$) range. As a result, Late Pleistocene 
sediment is improvished in clay relative to Late Holocene deposits. 
This fact is reflected in the marked decrease in silt/clay ratios 
from Late Pleistocene (average silt/clay ratio ■ 0.98) to Late 
Holocene (average silt/clay ratio = 0.54).  The Early Holocene, a 
transitional period, has a variable ratio (average silt/clay ratio - 
0.75).  A list of silt/clay ratios for all samples is given in 
Table 2. 
In addition, Figures 3-7 reveal that within the -2pm sediment 
fraction there is a distinct increase in total fine fraction 
24 
LU 
O 
Q: 
LU 
a. 
40- 
30- 
20- 
10 
0- 
40 
30- 
20- 
<2        10 H 
LU 
29-03-200 (LH) 
29-03-250  (EH) 
40- 
30- 
20- 
10- 
i 
V "" H 
29-03-470   (LP) 
4   5   6  7  8   9   1011 >ll 
PHI (0)  SIZES 
Figure 3. Histograms of size distributions for Late Holocene (LH), 
Early Holocene (EH) and Late Pleistocene (LP) sanples in Core 29-03. 
25 
LU 
O 
tr. 
a. 
o 
LU 
40- 
30- 
20 
10 H 
O- 
40- 
30- 
20- 
10 
o- 
40 
30 H 
20 
10 *4 
■R 
39-05-0 (LH) 
39-05-20 (EH) 
4   5 6   7  8  9   10 II  >ll 
39-05-210 (LP) 
PHI (0)  SIZES 
Figure 4. Histograms of size distributions for Late Holocene (LH) . 
Early Holocene (EH) and Late Pleistocene (LP) samples in Core 39-05. 
26 
40 
30 
20 
10 
0- =1 
LU 40- O 
or 
L-    20^ 
2     10 H 
LU 
40- 
30- 
20- 
10- 
0 4=0 
39-16-0 (LH) 
39-16-20  (EH) 
39-16-120 (LP) 
4   5   6   7 8   9   10 II >ll 
PHK0) SIZES 
Figure 5. Histograms of size distributions for Late Holocene (LH), 
Early Holocene (EH) and Late Pleistocene (LP) samples in Core 39-16. 
27 
40 
30- 
20 
10 
| 40H 
cc 
UJ 30 
. 20H 
O 10 
39-22-0 (LH) 
39-22-20   (EH) 
40 
30- 
20- 
10- 
39-22-500  (LP) 
4   5   6   7   8   9   10 II   XI 
PHI(0)  SIZES 
Figure 6. Histograms of size distributions for Late Holocene (LH), 
Early Holocene (EH) and Late Pleistocene (LP) samples in Core 39-22, 
28 
40 
30- 
20- 
10- 
0 
LJ40H 
O 
QL 
20 H 
X 
o   10- 
LU 
£    0 
40 
30- 
20- 
10 
0 
td 
£U 
n 
39-27-40   (LH) 
39-27-100   (EH) 
39-27-418   (LP) 
-1—i  
4   5   6 7   8   9  10 II >ll 
PHI ( 0) SIZES 
Figure 7. Histograms of size distributions for Late Holocene (LH), 
Early Holocene (EH) and Late Pleistocene (LP) samples in Oore 39-27, 
29 
TABLE 2.  SILT/CLAY RATIOS 
Sample Number Silt/Clay Ratios 
29 03 200 (LH) 0.63 
29 03 250 (EH) 0.58 
29 03 470 (LP) 1.28 
39 05  0 (LH) 0.44 
39 05  20 (EH) 1.67 
39 05 210 (LP) 1.18 
39 16  0 (LH) 0.44 
39 16  20 (EH) 0.67 
39 16 120 (LP) 0.62 
39 22   0 (LH) 0.49 
39 22  20 (EH) 0.83 
39 22 500 (LP) 1.24 
39 27 40^(1^) 0.69 
39 27 100 (EH) 0.61 
39 27 418 (LP) 1.16 
Stratigraphic Silt/Clay Ratios 
Late Holocene x = 0.54 
o =  0.12 
Early Holocene   x = 0.82 
a  « 0.46 
Late Pleistocene x = 1.09 
a  = 0.27 
(LH) = Late Holocene 
(EH) « Early Holocene 
(LP) = Late Pleistocene 
x = Mean silt/clay ratio 
a - standard deviation 
30 
abundance from Late Pleistocene to Late Holocene.  Furthermore, each 
of the three size classes (i.e.  2.0 - 0.98um (9-10$) , 0.98 - 0.49JI» 
(10-11$), <0.49pm (>11$)) within the ^2pm (^9$) fraction, shows a 
similar increase in relative abundance.  The textural data thus 
indicate a definite change in the dominant size of lutite particles 
deposited in Northern Cascadia Basin and on Juan De Fuca Abyssal 
Plain from Late Pleistocene to Late Holocene. Although the sediments 
sampled in each biostratigraphic interval are taken only from hemi- 
pelagic units, the transition from deposition of clayey-silt to 
silty-clay roughly parallels the decline of active turbidity deposi- 
tion (Late Pleistocene) and increase in (Late Holocene) hemipelagic 
deposition (Carson, 1971). 
Size Dependency of Clay Mineralogy and Crystallinity 
Although the samples were separated into eight size fractions 
[>15.6um (<6$) , 15.6-7.8um (6-7<{>) , 7.8-3.9um (7-8$) , 3.9-2.0um 
(8-9$), 2.0-0.98ym (9-10$) , 0.98-0.49ym (10-11 $) , <0.49um (>11$) 
and <2.0um (>9$)] for X-ray diffraction analysis, only the 7.8-3.9um 
(7-8$) through <0.49ym (>11$) and the <2.0ym (>9$) fractions are 
presented.  X-ray diffraction of the >15.6pm (<6$) and 15.6-7.8pm 
(6-7$) size fractions showed highly variable results between 
replicate samples, which are thought to reflect the difficulty en- 
countered in mounting these samples. Because mineralogy and crystal- 
linity data obtained from these size fractions are suspect, they will 
not be considered in this study. 
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Mineralogies and crystallinities determined on individual sire 
fractions 7.8-3.9ym (7-8*) , 3.9-2.0um (8-9$), 2.0-0.98ym (9-10+), 
0.98-0.49ym (10-11$) , <0.49pm (>11$) and the bulk <2\im  (>9$) , for 
all samples, are tabulated in Appendix 4.  The clay minerals pre- 
sent consist of montmorillonite (17X), illite (loX), kaolinite (7X), 
and chlorite (14A*) .  Scanning from 24  to 26 2 reveals the pre- 
sence of trace (<1%) amounts of kaolinite.  Since the kaolinite 
contribution is relatively insignificant, kaolinite and chlorite 
will not be differentiated in this investigation. 
A plot of mean (for all stratigraphic units) clay mineral con- 
tent (Appendix 5) versus particle size (Figure 8) demonstrates a 
distinct mineral-size dependency.  Montmorillonite abundance in- 
creases with decreasing size, particularly at sizes finer than 
0.49ym (11$).  Illite and kaolinite/chlorite decrease with 
decreasing size, a pattern which is pronounced below 0.98-0.49pm 
(10-11$).  The sizes coarser than 0.49ym (11$) are clearly dominated 
by illite and kaolinite/chlorite, with both groups present in 
nearly equal abundance, although kaolinite/chlorite is generally 
slightly higher.  The abrupt change in abundance at 0.98-0.49pm 
(10-11$) results in montmorillonite dominating in the sizes finer 
than 0.49pm (11$) and kaolinite/chlorite decreasing to significantly 
lower values than illite.  Plots of mean mineral content versus 
particle size for each stratigraphic section (Late Pleistocene, 
Early Holocene and Late Holocene; Fig. 9) indicate basically the 
same mineralogy-size relationship.  The data suggest that the 
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SIZE   CLASSES,    PHI(0)   INTERVALS 
Figure 9. Mean mineral content in isolated fractions for Late Holocene (LH), 
Early Holocene (EH) and Late Pleistocene (LP) samples. M- nontnorillonite, 
I"illite, K/C« kaolinite/chlorite.  Size classes as in Fig. 8. 
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mineralogy-size dependency does not vary markedly between strati- 
graphic units. 
It is known that clay minerals characteristically have dif- 
ferent size distributions (Grim, 1958 and Gibbs, 1977).  The clay 
minerals (montmorillonite, illite and kaolinite/chlorite) of 
Northern Cascadia Basin and Juan De Fuca Abyssal Plain are no 
exception to this fact (Figures 10-14). 
The clay mineralogy of individual size fractions (Appendix 4), 
along with the grain size distributions of each of the fifteen 
samples (Appendix 3) can be used to calculate the size distribu- 
tion of each clay mineral in each sample, according to the formula: 
Y = 
A
 
x
 
B 
*   100 
where   X = Height of a particular mineral in a single 
size class as percent of the total sample 
weight. 
A = Weight of sediment in a single size class 
as percent of the total sample weight 
(Appendix 6). 
B = Relative abundance of a particular mineral 
in the size class (Appendix 4). 
The calculated clay mineral distributions within each strati- 
graphic section of each core, along with the fine fraction size 
distributions are presented in Figures 10-14. Because the size 
fractions [7.8-3.9pm (7-8$), 3.9-2.0um (8-9*), 2.0-0.98u« (9-10+), 
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Figure 10. Histograms of total grain size distributions 
(heavy line) and size distributions for 
montmorillonite (M), illite (I) and kaolinite/ 
chlorite (K/C) in Late Holocene (LH), Early 
Holocene (EH) and Late Pleistocene (LP) 
samples. Core 29-03. Last number in sample 
designation = sample depth in cm.  Size 
classes as in Fig. 8. 
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.& 
Figure 11. Histograms of total grain size distributions 
(heavy line) and size distributions for 
montmorillonite (M), illite (I) and kaolinite/ 
chlorite (K/C) in Late Holocene (LH), Early 
Holocene (EH) and Late Pleistocene (LP) 
samples, Oore 39-05.  Last number in sample 
designation = sample depth in cm. Size 
classes as in Fig. 8. 
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Figure 12. Histograms of total grain size distributions 
(heavy line) and size distributions for 
montinorillonite (M), illite (I) and kaolinite/ 
chlorite (K/C) in Late Holocene (LH),  Early 
Holocene (EH) and Late Pleistocene (LP) 
samples, Core 39-16.  Last number in sample 
designation = sample depth in cm.  Size 
classes as in Fig. 8. 
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Figure 13. Histograms of total grain size distributions 
(heavy line) and size distributions for 
montmorillonite (M),  illite (I) and kaolinite/ 
chlorite (K/C) in Late Holocene (LH), Early 
Holocene (EH) and Late Pleistocene (LP) 
samples, Core 39-22. Last number in sample 
designation = sample depth in cm. Size 
classes as in Fig. 8. 
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Figure 14.  Histograms of total grain size distributions 
(heavy line) and size distributions for 
montmorillonite (M), illite (I) and kaolinite/ 
chlorite (K/C) in Late Holocene (LH), Early 
Holocene (EH) and Late Pleistocene (LP) 
samples, Core 39-27.  Last number in sample 
designation = sample depth in cm.  Size 
classes as in Fig. 8. 
45 
0.98-0.49ym  (10-11$)   and <0.49pm  (>11$)]  for which clay mineralogy 
is available constitute only a part of the total sample,  grain size 
distributions depicted in Figures 10-14  and used in the formula 
above were recalculated from the original  textural data such that 
material  finer than 7.8pm  (7$)   is equal to  100 percent of the sample 
(Appendix 6) . 
Clay mineral distributions in  individual  samples   (Figures 10- 
14)   show basically the same mineralogy-size relationship decribed in 
the discussion of mean clay mineralogy versus particle size   (Figures 
8 and 9).     However,   there are real differences in clay mineral dis- 
tributions between stratigraphic units.     Late  Pleistocene samples 
generally show the highest percentages of illite and kaolinite/ 
chlorite  in the 7.8-3.9pm  (7-8$)   size class,   then decrease,   nearly 
linearly,   to  0.98-0.49pm  (10-11 $)   and then  increase  slightly to 
0.49pm (>11$).     In contrast,   Late Holocene samples generally show 
lower percentages of  illite and kaolinite/chlorite at 7.8-3.9pm 
(7-8$),   then  increase slightly  to  3.9-2.0pm  (8-9$)   or  2.0-0.98pm 
(9-10<(>) ,   decrease  rapidly to 0.98-0.49pm  (10-11$)   and then  increase 
slightly in the <0.49pm (>11<J>)   fraction.    Montmorillonite is dis- 
tributed similarly in both Late Pleistocene and Late Holocene samples 
with low percentages, which fluctuate slightly,   from 7.8-3.9pm 
(7-8$)   to 0.98-0.49pm  (10-11$).    The increase in montmorillonite 
then is pronounced below 0.49pm  (>11$). 
Early Holocene samples show clay mineral distributions which 
resemble either Late Holocene, Late Pleistocene or some inter- 
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mediate position. The variations in clay mineral distributions 
between stratigraphic units, depicted in Figures 10-14, parallel 
variations in grain size distributions between stratigraphic sec- 
tions (Figures 3-7). 
In general, crystallinity indices are considerably more 
variable than mineral abundances. Nevertheless, crystallinity 
shows a definite size dependency (Figure 15). Crystallinities of 
illite and kaolinite/chlorite are poorest at <0.49um (>11$), im- 
prove markedly at 0.98-0.49ym (10-11$) and then continue to 
improve with increasing size to 3.9-2.Oym (8-9$) where they both 
decrease slightly. The crystallinity of montmorillonite improves 
only slightly in the finest sizes, 0.98-0.49ym (10-11$) to <0.49ym 
(>11$).  It declines in sizes coarser than 0.98-0.49um (10-11$). 
The crystallinity of a particular species appears to be good when 
that mineral group is abundant and poor when the mineral abundance 
is low. 
Comparison of mean crystallinity indices and size (Fig. 16) 
for each stratigraphic section (Late Pleistocene, Early Holocene 
and Late Holocene) indicates only minor temporal variations. 
Crystallinity indices are slightly more extreme in the Late 
Pleistocene sediments than in Holocene deposits. 
Mineralogy, crystallinity, and size analysis data were sub- 
mitted to an R-mode factor analysis.  Each of the five size fractions 
[7.8-3.9ym (7-8$), 3.9-2.0um (8-9$), 2.0-0.98ym (9-10$), 0.98-0.49um 
(10-11$) and <0.49ym (>11$)] from the fifteen samples was considered 
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Figure 16.  Mean crystallinities in isolated size fractions. 
M = montmorillonite, I = illite, and K/C « 
kaolinite/chlorite for Late Holocene (LH), 
Early Holocene (EH) and Late Pleistocene (LP) 
samples.  Size classes same as Fig. 8. 
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a single sub-sample.     Each sub-sample was characterized by seven 
variables:    percent montmorillonite,  percent illite, percent 
kaolinite/chlorite,   crystallinity of montmorillonite,  crystallinity 
of illite,  crystallinity of kaolinite/chlorite and weight percent 
of the sample  finer  than  7.8pm  (7$). 
The factor analysis defined three  factors which account for 
87.8 percent of the total variability  (Factor 1,  61.2 percent; 
Factor 2,   16.1 percent;   Factor 3,  10.5 percent).     Figure 17 depicts 
the factor loading values   (coefficients)   of the seven variables 
for each of the three factors.     Factor one is dominated by percent 
montmorillonite,  crystallinities of illite and kaolinite/chlorite 
and shows a strong negative affinity of these variables to percent 
kaolinite/chlorite.     Factor two is dominated by montmorillonite 
crystallinity,  while no variable(s)   are clearly dominant in Factor 
three.     It  should be noted that the high negative correlation be- 
tween percent montmorillonite and percent kaolinite/chlorite,   in 
Factor 1,   reflects  the closed number system associated with the 
mineralogy data.     The crystallinity data,   in contrast,  are  inde- 
pendent.     Loadings in Figure 17 suggest that mineralogy and 
crystallinity are most responsible for total variability from sub- 
sample to  sub-sample   (size  fraction to size fraction), while weight 
percent is  relatively unimportant in the variability of the data. 
Factor analyses considering all variables were performed on 
two groups of sub-samples.     The first group included size fractions 
7.8-3.9ym (7-8$)   through <0.49pm  (>11$)   for all samples,  for a 
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total of 75 sub-samples.     The second group also Included the <2u» 
(>9$)   group bringing the total to 90 sub-samples.    The inclusion 
of the <2um  (>9$)   sub-samples resulted in no major alternation of 
the  factor loadings.    Because the <2ym (>9$)   data duplicated in- 
formation already considered in analysis of the first data set and 
did not result in any significant reduction in total variability, 
the <2ym (>9<f>)   sub-samples were excluded from subsequent analyses. 
Factor measurements,  generated by R-mode  factor analysis,  were 
treated by Q-mode cluster analysis to group the sub-samples accord- 
ing to their   (statistical)   similarities based upon clay mineral/ 
crystallinity data.     The cluster analysis grouped the sub-samples 
into populations which are largely defined by size   (Fig.  18). 
The <0.49pm  (>ll<t>)   size fractions shows excellent clustering,   with 
all or nearly all of the fifteen sub-samples grouped in one iso- 
lated population.     A distance  function value of approximately 2.5 
indicates that this group   (size class)   is  significantly different 
from other groups   (size classes).     Size fractions  7.8-3.9pm 
(7-8<|>)   through 0.98-0.49pm  (10-11<J>)   cluster into one large popula- 
tion,   suggesting a strong  similarity  in  the clay mineral  data 
between these   (four)   size classes.     Within this population,   smaller 
sub-populations were defined by size,  but with insignificant dis- 
tance function values  (<1.0)   between groups.     The dendrogram pro- 
duced by cluster analysis  is presented in Figure 18. 
Although the data were submitted to cluster analysis in various 
combinations, clusters were never stratigraphically defined.    Popula- 
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tiona were clearly largely defined by size, indicating the size 
dependence of mineralogy and crystallinity. 
The significance of clay mineralogy-crystallinity size 
dependency was tested by discriminant function analysis. Based 
on original mineralogy and crystallinity data, individual size 
classes were compared (Table 3}.  These results clearly show that 
mineralogy-crystallinity data, size classes 3.9-2.0um (8-9$), 
2.0-0.98pm (9-10<J>) , 0.98-0.49pm (10-ll<j>) and <0.49ym (>11$) are 
significantly different, one from another, at the 99 percent con- 
fidence level (F**_ > 3.71).  Size classes 7.8-3.9 m (7-8 ) and 6,23 
3.9-2.0 m (8-9 ) are not statistically discernible (at the 90 
percent level). 
Discriminant function analysis was also utilized to determine 
if stratigraphic units (Late Pleistocene, Early Holocene, and Late 
Holocene) are statistically discernible based upon clay mineralogy- 
crystallinity. The results of this (Table 4) show no significant 
difference (F. ., £ 1.62; F* ., ,._ = 2.32) between stratigraphic 6,43 6,43,.05 
2 
sections. Mahalanobis' D statistic shows very little separation 
between these temporal groups. 
The statistical analyses indicate clearly that the clay 
mineralogy-crystallinity of hemipelagic lutites in the study area 
has a definite correlation to size. These analyses further indi- 
cate that clay mineralogy and crystallinity-size relations do not 
vary significantly with stratigraphic position or location within 
the Basin.     However,   size distributions of individual clay minerals 
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TABLE  4 
N 
Late 
DF 
Holocene 
F D2 N 
Early 
DF 
Holocene 
r   o2 
Late Pleistocene 25 6,43 0.99 0.52 25 6,43 1.62   0.87 
Early Holocene 25 6,43 0.25 0.14 
D    = Mahalanobis'   D    value 
F     ■ Snedecor's  F value 
DF  = Degrees of  Freedom 
N    = Total Number of Samples 
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(Figures 10-14)   vary from sample to sample,  reflecting stratigraphic, 
areal,   and local variations apparently associated with variations in 
grain size distribution. 
An independent test of the control of clay mineralogies by grain 
size can be made by comparing observed clay mineralogies of the bulk 
<2ym  (>9<t>)   fraction  (Appendix 4) ,  to predicted values based on the 
size distribution for a particular sample and general mineral abun- 
dance-size relationships  (Figures  3-7,  Appendix 4). 
Predicted values for each fraction are calculated according to 
the formula: 
X=AXB 
100 
where   X = Weight of a particular mineral in a single 
size class as percent of the total sample 
weight.* 
A = Weight of sediment in a single size class 
as percent of the total sample weight* 
(Appendix 8) . 
B = Relative abundance of a particular mineral 
in the size class (Appendix 4). 
* 100 percent of sample weight includes only material 
<2um (>9$) (Appendix 8). 
The predicted abundances ("X" values) of the size fractions for 
each clay mineral were totaled over the <2ym (>9$) range, yielding 
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the predicted percent abundance of each mineral in the <2pm (>9+) 
fraction. 
Predicted and observed <2ym (>9<fr) mineralogies are tabulated 
in Appendix 9 and shown in Figure 19. The data indicate that 
although observed and predicted values are seldom identical, the 
predicted mineralogies give a reasonable estimate of the observed 
values.  Indeed, linear regression analyses indicate significant 
correlations:  r = 0.897 for montmorillonite, r - 0.921 for illite 
and r = 0.947 for kaolinite/chlorite. 
Observed and predicted values are not identical because of 
the difference in the make up of predicted and observed <2\im  (>9$) 
fractions.  Predicted values are based on mineralogies determined 
from X-ray diffraction of three individual size fractions 
[2.0-0.98um (9-10<J>) , 0.98-0.49ym (10-ll<j>) and <0.49ym (>11+)]. 
Slides containing sediments of only one size class produce well- 
oriented clay mineral mounts.  Observed values are derived from 
slides containing more than one size fraction.  The clay minerals 
are probably less ideally oriented on these mounts. Thus, 
analyses of oriented and unoriented slides will seldom produce 
identical results. 
Linear regression analysis gave the following equations which 
correlate predicted and observed values: 
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Montmorillonite, Y (predicted abundance) - 2.11 - 1.02 X (observed N 
abundance); 
Illite, Y (predicted abundance) ■ 7.81 - 0.71 x (observed abundance)] 
Kaolinite/chlorite, Y (predicted abundance) - 2.74 - 0.82 X 
(observed abundance). 
Ihe strong relationship (Fig. 19) between predicted and observed 
<2ym (>9<|>) clay-mineral compositions corroborates the cluster and 
discriminant function results and indicates that the clay mineralogy 
in Cascadia Basin is largely a function of grain size. 
Cascadia Basin clay mineralogies and crystallinities deter- 
mined in this study* (in the bulk <2ym (>9$) fraction; Appendix 4) 
exhibit the vertical trends described by Duncan and others (1970) 
and Stokke and Carson (1974), as well as the exceptions to the 
general trends reported by Stokke and Carson (1974).  (It should be 
noted, however, that the calculated abundances of individual clay 
minerals do not agree with abundances reported in previous studies. 
The disagreement is apparently a function of the pretreatments of 
the samples - see "Affect of Pretreatments on Results" section of 
this thesis.)  These studies have reported montmorillonite enrich- 
ment in Late Holocene deposits relative to Late Pleistocene sedi- 
ments. Concomitantly, illite and kaolinite/chlorite decrease from 
Late Pleistocene to Late Holocene. These trends are reflected in 
the ratio montmorillonite/illite by low values in the Late 
Pleistocene and an apparent abrupt increase in Late Holocene values. 
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Exceptions to this  trend show little or no increase in the ratio 
from Late Pleistocene to Late Holocene, or exhibit higher ratio 
values in the Late Pleistocene than in the Late Holocene.     A plot 
of the montmorillonite/illite ratio for the <2pm (>9$)   fraction in 
this study  (Fig.   20)   reveals that only cores 29-03 and 39-16 exhibit 
the general  trend   (increase in ratio from Late Pleistocene to Late 
Holocene),  while cores  39-05,   39-22 and  39-27 are apparent excep- 
tions. 
If the hypothesis that clay mineralogy is largely a function 
of grain size  is correct,   then the montmorillonite/illite ratio 
should correlate with vertical variations in grain size distribu- 
tion.     Inspection of Figures 3-7 reveals that each of the three 
size  classes  [2.0-0.98ym  (9-10<)>) ,   0.98-0.49ym  (10-11$)   and <0.49ym 
(>114>) ] are  larger in Late Holocene deposits than in Late Pleisto- 
cene deposits.    However,   since enrichment of clay-sized material 
in Late Holocene sediment is consistant in all  samples,   exceptions 
to the general  trend of increased montmorillonite in Late Holocene 
samples must be due  to  some cause other than simple enrichment by 
fine,  montmorillonite particles. 
The <0.49ym (>11<|>)   size fraction is the only size class which 
is dominated by montmorillonite   (Appendix 5).     Therefore,   if a 
<2pm  (>9<fr)   sample contained a high percentage of montmorillonite, 
the <0.49vim  (>ll(Ji)   size class would have to be large enough to over- 
ride to effects of the relatively montmorillonite-poor 2.0-0.98iun 
(9-10$)   and 0.98-0.49pm  (10-11$)   size classes.    Thus, montmorillonite 
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enrichment reported by previous workers  in Holocenc sediments should 
be associated with a dominance of <0.49wm   (>11$)   size material in the 
<2ym  (>9$)   fraction.     Examination of size analyses,   for all  fifteen 
samples   (Appendix 9)   indicates that this  is  indeed the case.    Hence, 
in cores where the <0.49pm  (>11<|>)   fraction dominates within the <2wm 
(>9<f>)   group of a Late Holocene sample and not a Late Pleistocene 
sample   (as  in core 39-16),   the general trend is observed.     However, 
when the <0.49ym   (>lli}>)   dominance appears   in a Late Pleistocene sam- 
ple and not in the associated Late Holocene sample   (as in cores 39-05, 
39-22 and 39-27)   exceptions to the trend are observed.     In cases 
where neither  (as in core 29-03)  or both stratigraphic unit exhibits 
a <0.49ym (>11$)   dominance,  the deciding factor apparently becomes 
the absolute size of the <0.49pm  (>11$)   size class. 
Selective Transport 
It has been demonstrated that clay mineralogy and crystallinity 
in Northern Cascadia Basin and Juan De Fuca Abyssal Plain lutites 
are size dependent and variations  in clay mineralogy and crystallinity 
can be attributed to textural variations.     It would appear,  then, 
that the mechanism(s)   responsible for textural changes have simul- 
taneously affected clay mineralogy and crystallinity. 
Late Pleistocene and Holocene silts and clays have been derived 
largely from Vancouver Island and British Columbia,   in the northern 
portion of Cascadia Basin  (Carson,  1971).    The predominant source  for 
the southern portion of the Basin, at least as  far north as Nitnat 
Fan  (Duncan,   1968;   Barnard,   1973;  Stokke,   1976),   is the Columbia 
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River watershed there may also have been a significant Aeolian con- 
tribution (Windom, 1969; Stokke, 1976).  The dominant, immediate 
sources of these fine grain sediments are, however, the rivers which 
drain the adjacent continental landmass.  The river mouths can be 
considered point sources from which sediments are dispersed later- 
ally into the Basin.  Selective transport may take place during 
dispersion. 
Since current velocities (generally) decrease in an offshore 
direction, larger particles are preferentially deposited in shallow 
water.  On the Washington continental shelf, Nittrouer and Sternberg 
(in press) have established that selective transport has resulted in 
the preferential deposition of sands in nearshore waters.  These 
sediments consist of <90 percent sand while sediment accumulation 
on the outer half of the continental shelf is comprised primarily of 
silt (<35 percent sand).  As current velocities apparently continue 
to decrease on the slope and in Cascadia Basin (Cannon, 1972; Korgen 
and others, 1970), selective transport may be important beyond the 
shelf, in sorting silts and clays. 
Textural changes which are observed in bottom sediments and 
result from selective transport are usually recognized by lateral 
variations.  Based on the results of this study, the systematic 
lateral changes in lutite texture, in Cascadia Basin (Duncan and 
others, 1970), for any one epoch, may be attributed to selective 
transport.  However, the textural changes which result in clay 
mineral variations from Late Pleistocene to Holocene, in Cascadia 
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Basin, are stratigraphically (or vertically) defined. If selective 
transport has effected these vertical changes, dispersal conditions 
must have varied during Late Quaternary tine. 
Several authors (Arrhenius, 1952; Arrhenius, 1959j Emiliani, 
1955) have suggested that during the Pleistocene, general oceanic 
circulation was more vigorous than at the present time.  Since 
selective transport and deposition are functions of current velo- 
city, then a general decrease in bottom current velocity from Late 
Pleistocene to Holocene could result in the deposition, at any one 
location, of decreasing particle sizes.  Given the size dependency 
of the clay mineralogy, this change would produce montmorillonite- 
rich Holocene deposits. 
Vertical changes in texture (and, hence, mineralogy) might 
also result from changes in dispersal distance.  If the shoreline 
(and associated river mouths) is (are) considered the (immediate) 
source of lutites for Cascadia Basin, a change in the position of 
the shoreline, with /"time, would result in a change in the distance 
to any point of deposition. 
v 
Between accumulation of Late Pleistocene (213,000 years B.P.) 
and Late Holocene (19,000 years B.P.) sediments, sea level rose 
approximately 55 meters (Curray, 1960).  Such a rise in sea level 
would have resulted in a 20 km eastward shift of the shoreline 
off Washington and Oregon. Since most sand and much of the silt 
on the continental shelf is presently retained within 20 km of the 
shore (Nittrouer and Sternberg, in press), it would appear that the 
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Late Wisconsin transgression may have effectively impounded "coarse" 
lutites which were formerly transported into Cascadia Basin during 
Late Pleistocene time. 
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IMPLICATIONS 
It has been established (this study, Fig. 8; Gibbs, 1977; Gri», 
1968) that clay minerals exhibit a definite size dependency. As a 
result, changes in lutite grain size distribution (by selective 
sorting) result in variations in clay mineralogy and crystallinity. 
It follows, therefore, that studies of clay mineral correlation, 
provenance, or dispersal in any area must compensate for the clay 
mineral size dependency prior to definition of genetic variations 
in clay mineral composition. 
While no analytical procedure can completely negate the effects 
of selective sorting, the following suggestions are offered to 
minimize its impact. 
Rather than considering the <2ym (>9<J>) size fraction, one 
predetermined size class should be examined and used to compare 
samples. This class should be small, £1<J>- interval; (furthermore, 
if any clay mineral species varies markedly within this size range, 
the investigator should give serious consideration to reducing the 
class to the smallest interval practical, perhaps h-h$ - interval). 
The representative size class should ideally contain equal (or 
nearly equal) percentages of the clay minerals to be examined, or, 
at least, should include each species in significant abundance. 
Clay mineral provenance studies in Cascadia Basin could use the 
0.98-0.78pm (.10-10.5<t>) interval as the representative size class. 
It is conceivable that use of a single size fraction will not 
define real variations in lutite source areas or correlative units. 
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This would occur when two distinct sediments showed similar mineral 
abundances in the size class taken to be representative.  Selection 
of another size class (with contrasting mineral abundances) would 
alleviate this problem, although there might be no strong evidence 
for an investigator to take this (second) step.  In the absense of 
existing data on which (universal) size fraction to isolate, workers 
would be well advised to determiife which size classes have contrast- 
ing mineralogies in suspected source areas or correlative deposits. 
While this determination of mineral size dependency may entail 
considerable effort, it will ensure results which are largely 
independent of textural variations.  Furthermore, it will add con- 
siderably to the current (meagre) knowledge of areas variations in 
clay mineral size dependency. 
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CONCLUSIONS 
This investigation of lutite mineralogy in Quaternary (Late 
Pleistocene and Holocene) sediments of Northern Cascadia Basin - 
Juan De Fuca Abyssal Plain is based upon, and leads to, the follow- 
ing observations and conclusions: 
1) The relative abundance and crystallinity of clay 
minerals of the <2ym (>9$) sediment fraction exhibit 
definite vertical variations which are associated 
with the Pleistocene-Holocene faunal boundary.  In 
general, Late Holocene deposits show an enrichment 
of montmorillonite (17A) and an impoverishment of 
illite (1C&) and kaolinite/chlorite (7A*) relative 
to Late Pleistocene deposits.  Some samples, however, 
exhibit an opposite distribution. 
2) Commonly, but not uniformly, all clay minerals show 
improved crystallinities in Late Pleistocene deposits 
relative to Late Holocene sediments.  Lutite grain 
size distributions differ in Late Pleistocene and 
Late Holocene.  The primary mode in the size distri- 
bution shifts from clayey silt (Late Pleisticene) to 
silty clay (Late Holocene).  This shift is reflected 
by a shift in silt/clay ratios from 0.98 (mean Late 
Pleistocene value) to 0.54 (mean Late Holocene value). 
Furthermore, each size class within the -2um (>9+) 
70 
fraction shows larger weight percentages in 
Late Holocene sediments than in the Late 
Pleistocene deposits. 
3) Clay mineral compositions and crystallinities have 
a definite size relationship.  Montmorillonite abun- 
dance generally increases with decreasing particle 
size showing marked dominance at <0.49um (>11$). 
Illite and kaolinite/chlorite generally increase 
with decreasing particle size, dominating the sizes 
coarser than 0.49pm (11<J>) . 
4) Clay mineralogies and crystallinities associated 
with individual size classes finer than 3.9pm (8$) 
are significantly different for all samples proving 
clay mineralogy-crystallinity size dependence. 
5) Statistical comparison of clay mineralogy- 
crystallinity between stratigraphic units (Late 
Pleistocene, Early Holocene, Late Holocene) show 
no significant differences, indicating no strati- 
graphic control of clay mineral composition by pro- 
venance or weathering history. 
6) Variations in clay mineral composition are largely 
a result of textural variations. 
7) Textural and associated clay mineralogy-crystallinity 
variations are probably a result of the processes of 
selective transport. 
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8) Clay mineral correlation, provenance or dispersal 
studies, In any area, must compensate for clay 
mineral size dependency prior to defining genetic 
variations in clay mineral composition. 
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APPENDIX 2.  SAMPLE DEPTHS 
Size Analysis Samples Clay Analysis Samples 
Core Number* Depth (cm) Depth (cm)  
29 03                 200  (LH) 202 (LH) 
250  (EH) 252 (EH) 
470  (LP) 468 (LP) 
39 05                  0  (LH) 04 (LH) 
20  (EH) 18 (EH) 
210  (LP) 212 (LP) 
39 16                  0  (LH) 0 (LH) 
20  (EH) 22 (EH) 
120  (LP) 120 (LP) 
39 22                   0  (LH) 2 (LH) 
20  (EH) 22 (EH) 
500  (LP) 502 (LP) 
39 27                 40  (LH) 40 (LH) 
100  (EH) 100 (EH) 
418  (LP) 418 (LP) 
*Core number is composed of two parts: first number - cruise number; 
second number = core. 
(LH) = Late Holocene 
(EH) = Early Holocene 
(LP) = Late Pleistocene 
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